The title compounds exhibit a K 2 NiF 4 -type layered perovskite structure; they are based on the La 1.2 Sr 0.8 InO 4+δ oxide, which was found to exhibit excellent features as fast oxide-ion conductor via an interstitial oxygen mechanism. These new Ba-containing materials were designed to present a more open framework to enhance oxygen conduction. The citrate-nitrate soft-chemistry technique was used to synthesize such structural perovskite-type materials, followed by annealing in air at moderate temperatures (1150 • C). The subtleties of their crystal structures were investigated from neutron powder diffraction (NPD) data. They crystallize in the orthorhombic Pbca space group. Interstitial O3 oxygen atoms were identified by difference Fourier maps in the NaCl layer of the K 2 NiF 4 structure. At variance with the parent compound, conspicuous oxygen vacancies were found at the O2-type oxygen atoms for x = 0.2, corresponding to the axial positions of the InO 6 octahedra. The short O2-O3 distances and the absence of steric impediments suggest a dual oxygen-interstitial mechanism for oxide-ion conduction in these materials. Conductivity measurements show that the activation energy values are comparable to those typical of ionic conductors working by simple vacancy mechanisms (~1 eV). The increment of the total conductivity for x = 0.2 can be due to the mixed mechanism driving both oxygen vacancies and interstitials, which is original for these potential electrolytes for solid-oxide fuel cells.
Introduction
Fuel cells are electrochemical devices capable of transforming the chemical energy stored in a fuel directly into electricity. The direct combustion of a fuel, e.g., hydrogen, involves a direct transfer of electrons from H to the oxidant, e.g., oxygen, taking advantage of the combustion heat as the only profit of the direct chemical reaction. The efficiency is restricted to the Carnot cycle [1] in the case of direct combustion. A fuel cell takes advantage of the electron transfer between H 2 and O 2 molecules, which is achieved by separating the oxidation and reduction semi-reactions with an electrolyte; here the combustion heat is just a side product. There are several types of fuel cells, of which solid-oxide fuel cells (SOFC) exhibit the highest performance; they are promising for stationary applications [2] [3] [4] . In a SOFC, the anode, the cathode, and the electrolyte are metal oxides; therefore, the operating hot plate with a magnetic stirrer at 300 • C, leading to organic resins where a random distribution of the involved cations was obtained. The resins were dried at 120 • C in a laboratory stove (Heraeus) and slowly decomposed on a muffle at temperatures up to 600 • C for 12 h (JH Hornos). Subsequent treatment at 800 • C for 2 h ensured the total elimination of all the organic materials and nitrates. Final heating at 1150 • C for 12 h gave rise to well-crystallized, homogeneous samples.
Structural Characterization
The identification and characterization of the final products were carried out by X-ray diffraction (XRD) for phase identification and to assess phase purity using a Bruker-axs D8 diffractometer (40 kV, 30 mA), controlled by DIFFRACTplus software, in the Bragg-Brentano reflection geometry with CuK α radiation (λ = 1.5418 Å). Neutron powder diffraction (NPD) data were collected in the High-Resolution Powder Diffractometer for Thermal Neutrons (HRPT) at the Swiss Spallation Neutron Source in the Paul Scherrer Institute (SINQ-PSI) Switzerland with a neutron wavelength λ = 1.494 Å. About 2 g of the sample was contained in a vanadium can. The measurements were carried out at 25 • C (RT). The counting time for each pattern was 3 h. The crystal structures were analyzed by the Rietveld method [24] , using the FULLPROF refinement program [25] . The peak profiles were modeled by a pseudo-Voigt function. The following parameters were refined in the final runs: scale factor, background coefficients, zero-point error, pseudo-Voigt corrected for asymmetry parameters, unit-cell parameters, and positional, isotropic thermal factors for the metals and anisotropic for O1 and O2 oxygen atoms. Occupancy factors for oxygen atoms were also refined for NPD data. The coherent scattering lengths for La, Sr, In, Ba, and O were 8.240, 7.020, 4.065, 5.070, and 5.803 fermi, respectively.
Conductivity Measurements
Solid bars (0.08 × 0.3 × 0.8 cm) were subjected to 2-probe DC conductivity measurements using Pt ink (PSI supplies) as the current collector. Conductivity values were acquired with an Agilent 34972A Data Acquisition Unit at a temperature range between room temperature and 1000 • C under atmospheric air [26] .
Results and Discussion

Crystallographic Characterization
The samples were obtained as polycrystalline, yellowish powders. Figure 1 illustrates the laboratory XRD diagrams at room temperature for the three members of the La 1.2 Sr 0.8−x Ba x InO 4 series. The patterns correspond to layered perovskites that can be indexed in the orthorhombic Pbca space group (Card 04-017-3962 ICDD). A small amount of La 2 O 3 was found (Card 01-073-2141 ICSD) in all patterns.
A neutron diffraction study was essential to reveal the structural features of the three materials. The crystal structures can be defined in the Pbca structural model, as proposed by Titov et al. [27] . The A-type metal atoms, La, Sr, and Ba, are statistically distributed over 8c (x,y, z) positions; In atoms occupy the 4b (1/2,0,0) sites and the two types of oxygen atoms O1 and O2 are placed at two distinct 8c Wyckoff sites. The initial refinement of the unit-cell parameters (Table 1) However, a further increase in the amount of Ba to x= 0.4 does not lead to a significant increment of the unit-cell volume, which indicates that the layered perovskites cannot be further enriched with this element. In the following, only the x = 0.2 and 0.3 materials will be considered. For them, the refinement of the occupancy factor of O1 atoms yielded full stoichiometry whereas O2 displayed the presence of vacancies at the octahedral lattice; O2 are the axial oxygen atoms of the InO6 octahedra. Additionally, difference Fourier maps allowed the localization of extra interstitial oxygen atoms at 8c (x,y,z) sites, x ≈ y ≈ z ≈ 0.25, as positive peaks (Figure 2 for x = 0.2) placed at the NaCl layers. However, a further increase in the amount of Ba to x= 0.4 does not lead to a significant increment of the unit-cell volume, which indicates that the layered perovskites cannot be further enriched with this element. In the following, only the x = 0.2 and 0.3 materials will be considered. For them, the refinement of the occupancy factor of O1 atoms yielded full stoichiometry whereas O2 displayed the presence of vacancies at the octahedral lattice; O2 are the axial oxygen atoms of the InO 6 octahedra. Additionally, difference Fourier maps allowed the localization of extra interstitial oxygen atoms at 8c (x,y,z) sites, x ≈ y ≈ z ≈ 0.25, as positive peaks ( Figure 2 for x = 0.2) placed at the NaCl layers. However, a further increase in the amount of Ba to x= 0.4 does not lead to a significant increment of the unit-cell volume, which indicates that the layered perovskites cannot be further enriched with this element. In the following, only the x = 0.2 and 0.3 materials will be considered. For them, the refinement of the occupancy factor of O1 atoms yielded full stoichiometry whereas O2 displayed the presence of vacancies at the octahedral lattice; O2 are the axial oxygen atoms of the InO6 octahedra. Additionally, difference Fourier maps allowed the localization of extra interstitial oxygen atoms at 8c (x,y,z) sites, x ≈ y ≈ z ≈ 0.25, as positive peaks ( Figure 2 for x = 0.2) placed at the NaCl layers. Once introduced in the structural model as O3 atoms, a significant decrease of the R Bragg discrepancy factors from 7.5% to values below 6% was observed. The combination of oxygen vacancies on O2 sites and interstitial O3 atoms yields a global oxygen stoichiometry of 4.10(2), as expected from the metal charge misbalance between La 3+ , Sr 2+ and Ba 2+ . A minor impurity phase of La 2 O 3 was detected in all the patterns and included in the refinement as a second phase. Figure 3a, Table 2 contains the main atomic parameters after the refinement; Table 3 lists the anisotropic displacement parameters for  O2 and O3 and Table 4 the main interatomic distances and bond angles. Once introduced in the structural model as O3 atoms, a significant decrease of the RBragg discrepancy factors from 7.5% to values below 6% was observed. The combination of oxygen vacancies on O2 sites and interstitial O3 atoms yields a global oxygen stoichiometry of 4.10(2), as expected from the metal charge misbalance between La 3+ , Sr 2+ and Ba 2+ . A minor impurity phase of La2O3 was detected in all the patterns and included in the refinement as a second phase. Figure 3a ,b illustrates the quality of the Rietveld fits for La1.2Sr0.6Ba0.2InO4.10(2) and La1.2Sr0.5Ba0.3InO4.10(2). Table 2 contains the main atomic parameters after the refinement; Table 3 lists the anisotropic displacement  parameters for O2 and O3 and Table 4 the main interatomic distances and bond angles. (Table 4) , obtained as θ = [180 − (In-Ô-In)]/2. The reduction of the tilting angle is expected for a structure with a higher tolerance factor determined by the larger ionic size of Ba 2+ with respect to La 3+ or Sr 2+ . The interstitial O3 atoms occupying the NaCl layer are bonded to (La, Sr) with reasonable distances of 2.50 Å (in average) range.
In this respect, a last issue concerns the mechanism that can be induced from the structural features determined by neutron diffraction for both perovskite oxides. In principle, it is believed that the ionic transport required for the performance of the electrolyte materials for SOFC works with a vacancy mechanism, the pre-existing vacancies being filled by neighboring oxygen atoms upon conduction of oxide ions. However, in this case, the neutron data consistently indicate, for both compounds at RT, that the layered perovskites contain both oxygen vacancies located at the axial oxygen atoms of the InO 6 octahedra as well as interstitial oxygens conspicuously located in the NaCl layers. As it is plausible that all these materials combine an excellent ionic conductivity with a sufficient ionic transport of oxide anions, as demonstrated for the parent La 1+x Sr 1−x InO 4+δ materials [23] , we could imagine a mixed mechanism where the existing vacancies at O2 are filled with O3 atoms and with no steric impediment, giving rise to a fast transport of oxide ions across the NaCl layers. The large values of the displacement parameters (Table 3) for O3 and the anisotropic, cigar-shaped anisotropic displacement parameters (ADPs) for axial O2 oxygens are a fixed picture of a dynamic situation involving very reactive atoms, the lability being induced by the presence of very basic Ba 2+ ions prone to form weak covalent bonds to oxygen.
16 (2) 35 (3) 49 (5) β22 57 (9) 79 (11) 129 (18) β33 262 (15) 279 (22) The InO6 octahedra are significantly tilted by θ = 9.16° and 7.83° for x = 0.2 and 0.3, respectively (Table 4) , obtained as θ = [180 − (In-Ô-In)]/2. The reduction of the tilting angle is expected for a structure with a higher tolerance factor determined by the larger ionic size of Ba 2+ with respect to La 3+ or Sr 2+ . The interstitial O3 atoms occupying the NaCl layer are bonded to (La, Sr) with reasonable distances of 2.50 Å (in average) range. 
Electrical Conductivity Measurements
The total conductivity was measured to compare our samples with the parent La 1.2 Sr 0.8 InO 4.11 [23] . The results show a classical behavior of ionic conductivity in ceramic materials: It is a thermally activated or Arrhenius-type process given by Equation (1), where σ is the conductivity in (S/cm), T is the absolute temperature in (K), A is a pre-exponential factor, Ea is the activation energy in (J) and k B is the Boltzmann constant in (J/K).
(1) Figure 5 shows the graph of the thermal variation of total conductivity (σ) in air for La 1.2 Sr 0.8−x Ba x InO 4+δ (x = 0.0, 0.1, 0.2) compared with that of commercial electrolytes. The parent sample (x = 0.0), as reported in Reference [23] , shows an unusually low activation energy (0.51 eV) in the range between 500 and 700 • C, where a change of slope occurs, making it competitive with the electrolytes of La 1−x Sr x Ga 1−y Mg y O 3−δ , Ce 1−x GdO 2−δ and Zr 1−x Y x O 2−δ , at low temperatures. In that case [23] , NDP data proved no oxygen vacancies inside the structure. The Ba-doped oxides present values of Ea = 1.00 eV, for both x = 0.2 and 0.3. The activation energy values are similar to those typically exhibited by ionic conductors working by a vacancy mechanism (~1 eV), but as shown in Figure 5 , they are still several orders of magnitude lower in conductivity than commercial electrolytes. Although, in the case of these barium-doped samples, there is no evidence of changes in the activation energy as in the parent compound, the sample La 1.2 Sr 0.6 Ba 0.2 InO 4.10 increases by 1 order of magnitude its conductivity, and at low temperatures, the tendency to be competitive with the typical electrolytes remains. In Table 2 , it is observed that the occupation of the interstitial oxygens (O3) doubles the amount observed in the parent compound, due to the extra space provided by the insertion of the Ba cation, and at the same time, it presents an appreciable amount of vacancies at O2 sites. The increase in conductivity can be a result of the mixed mechanism driven by the presence of both oxygen vacancies and interstitials.
exhibited by ionic conductors working by a vacancy mechanism (~1 eV), but as shown in Figure 5 , they are still several orders of magnitude lower in conductivity than commercial electrolytes. Although, in the case of these barium-doped samples, there is no evidence of changes in the activation energy as in the parent compound, the sample La1.2Sr0.6Ba0.2InO4.10 increases by 1 order of magnitude its conductivity, and at low temperatures, the tendency to be competitive with the typical electrolytes remains. In Table 2 , it is observed that the occupation of the interstitial oxygens (O3) doubles the amount observed in the parent compound, due to the extra space provided by the insertion of the Ba cation, and at the same time, it presents an appreciable amount of vacancies at O2 sites. The increase in conductivity can be a result of the mixed mechanism driven by the presence of both oxygen vacancies and interstitials. Log (σ/Scm In other words, the layered perovskite of La1.2Sr0.6Ba0.2InO4.10 is among the few oxides containing a measurable concentration of permanent vacancies as well as adjacent interstitial atoms in the interlayer space, which together can participate in the conduction mechanism to ensure a fast ionic transport.
Conclusions
La1+xSr1−xInO4+δ layered perovskites have recently been described as suitable candidates for electrolyte materials in SOFCs [22, 23] . Based on the material with the best properties, La1.2Sr0.8InO4+δ, which contains a substantial amount of interstitial oxygen atoms that easily move in the interlayer plane, here we designed a unique series containing Ba 2+ ions. Its larger ionic size drives the expansion of the unit cell, where a better oxygen conduction is expected. A neutron diffraction study reveals novel and unexpected features, since oxygen vacancies at the axial O2 octahedral positions were detected, besides the interstitial oxygen atoms located in the NaCl-type layer. Difference Fourier maps from NPD data at RT clearly show prominent positive peaks corresponding to the O3 interstitial oxygen atoms; the short distances with the oxygen vacancies make possible a dual jump mechanism where both point defects participate. Moreover, the strongly anisotropic, cigar-shaped ellipsoids for O2 mimic the displacement of axial oxygen atoms in the interlayer space, also anticipating an excellent ionic motion for oxide ions. The low activation energies measured for x = 0.2 and x = 0.3 compounds endorses this hypothesis. The presence of Ba ions in this novel series, besides the forecasted expansion of the framework, induces a second beneficial effect: the basic character of these cations, more prone to form weaker chemical bonds, favor the formation of oxygen vacancies In other words, the layered perovskite of La 1.2 Sr 0.6 Ba 0.2 InO 4.10 is among the few oxides containing a measurable concentration of permanent vacancies as well as adjacent interstitial atoms in the interlayer space, which together can participate in the conduction mechanism to ensure a fast ionic transport.
La 1+x Sr 1−x InO 4+δ layered perovskites have recently been described as suitable candidates for electrolyte materials in SOFCs [22, 23] . Based on the material with the best properties, La 1.2 Sr 0.8 InO 4+δ , which contains a substantial amount of interstitial oxygen atoms that easily move in the interlayer plane, here we designed a unique series containing Ba 2+ ions. Its larger ionic size drives the expansion of the unit cell, where a better oxygen conduction is expected. A neutron diffraction study reveals novel and unexpected features, since oxygen vacancies at the axial O2 octahedral positions were detected, besides the interstitial oxygen atoms located in the NaCl-type layer. Difference Fourier maps from NPD data at RT clearly show prominent positive peaks corresponding to the O3 interstitial oxygen atoms; the short distances with the oxygen vacancies make possible a dual jump mechanism where both point defects participate. Moreover, the strongly anisotropic, cigar-shaped ellipsoids for O2 mimic the displacement of axial oxygen atoms in the interlayer space, also anticipating an excellent ionic motion for oxide ions. The low activation energies measured for x = 0.2 and x = 0.3 compounds endorses this hypothesis. The presence of Ba ions in this novel series, besides the forecasted expansion of the framework, induces a second beneficial effect: the basic character of these cations, more prone to form weaker chemical bonds, favor the formation of oxygen vacancies in a crystal structure involving very labile atoms where oxygen conduction is promoted in the (La,Sr,Ba)-O (NaCl-type) layers.
